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Abstract

Atomically precise monolayer-protected metal nanoclusters (MPCs) have emerged
as an important class of materials bridging the gap between molecular and metallic
regimes. Understanding MPCs’ behavior at the atomistic level is crucial, as their
formation, stability, and functionality in catalysis are all governed by their atomic-scale
structure and dynamics. However, direct experimental observation of the structural
and dynamic evolution of MPCs in the condensed phase remains challenging and
costly due to the inherent limitations of current techniques in reaching the nanoscale
size and time resolution. Computer simulations, in particular, molecular dynamics
(MD) simulations, provide the scope for studying a system and relevant processes at
this resolution and unveil microscopic and dynamic details. In this thesis, advanced
computational approaches, combining state-of-the-art MD simulations, enhanced
sampling (ES) methods, hybrid quantum mechanics/molecular mechanics (QM/MM)
schemes, and machine-learned interatomic potentials (MLIP) based simulation are
employed to model MPCs and unravel their formation, self-assembly, interactions
with biomolecules, and catalytic activity.

First, we leveraged MLIP-based ES simulations to elucidate the fundamental mecha-
nism of nanocluster formation from solution. These simulations capture the stepwise
nucleation of MCPs via aggregation of staple motifs followed by dynamic rearrange-
ment, providing atomic-level insights into the thermodynamic and kinetic factors
governing nanocluster formation (chapter 3).

Next, we investigated the spontaneous self-assembly of MPCs to macromolecular
aggregates. Our simulations reveal inter-ligand hydrogen bonding, steric effects,
and counter ion coordination act cooperatively to direct cluster aggregation and the
emergence of ordered superstructures, highlighting the key intermolecular forces
driving supramolecular self-assembly (chapter 4). We then explored peptide-MPC

interactions through classical MD and ES simulations, uncovering how MPC ligands

vii



Abstract

interact with specific amino acids of the peptide, thereby stabilizing it on the MPC
surface (chapter 5). In chapter 6 we used QM/MM MD simulations to investigate how
MPC catalyses chemical reaction.

Finally, extending our investigation to heterogeneous environments, we modeled
the dynamics of a bare nanocluster (Aug) adsorbed on F-center defect sites of MgO
surfaces. MLIP-based ES simulations capture dynamics of Aug near the F-center
defect, binding of CO on Aug, and its oxidation mechanism in the presence of O,
(chapter 7).

Overall, the works presented in this thesis provide an integrated multiscale compu-
tational framework to study important physico-chemical processes, starting from
MPCs formation to their potential application in catalysis and as a drug carrier. The
outcomes of this thesis paves the way for rational design and development of next

generation metal nanoclusters.
Keywords: Atomically-precise metal nanoclusters | Molecular dynamics simulation |

Nucleation | Self-assembly | Catalysis | Enhanced Sampling | Machine-learned inter-
atomic potentials | QM/MM
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TRATU]-ER TR Gteh AFTARR-TRIT eTq A-iderex (MPCs) 88 Agayquf uardt & &9
H I g St arurfder R urfden srawnsif & off di wal &1 wrf wd &1 MPCs &
HIER ! URHIY] TR R JHSHAT A d 3Lk ¢, ifch kT AT, fRIRAT g IR0
(catalysis) H ITch! ShRIETHAT I7ch URATI[-IARIT TXAHT 3R TTfasfterar gr1 i gidt 81
foheg, adHT UTAfiTeh depmitent chl TS & shRUT Hufd 3/awi # MPCs hl Sa-TcHeh
T TfdfteT Ieshifd T TI&T STercilehT ehl i 3R A 8, fAWeRR AT 3R
3R GHY-AF R | R ez, faiy &g & siurfdes il (Molecular Dynamics;
MD) e, 3 gonferdt aur 37 Heifda ufchanstl 1 siemas 39 TR R & 3R
g TG Td fafier fdaror ured & & &HdT U sRd 81 39 Myyey § I9d
GruHTHe fAfeai—d srenygfAe MD fHde, e dufel (Enhanced Sam-
pling; ES) dehritch, gT3fsig aaieH fchfAat/AifelarjIeR Aehfe (QM/MM) TISHIY, aT
Af-o exuaiffes Ui (MLIP) smemRd Rt anfAe §—ar Iuait MPCs &l
HISe dUR & TUT Ik fAHT0T, T-TA1SH (self-assembly), Sta-3r0]3it & AT 3id: ok
3R IaRes nfafafd et THg@ & forg fovar mar 81 99 ugd, A= MLIP-3mgtRd ES
A &1 IuThT &R oo @ Adiaereex AT &t geryd ufehar ot we fhar g9
T = et A o chifich Tahalenvor 9T ITh 9% giF dTet TTTasftel gAfa-=ame o
Aregd § MPCs o A9 (nucleation) bt g1, 9@ A-iaereex fAafor ot Fafa
A dTel FEANTART 3R TTfAsT ShRepl & IR H WRATI-ERIT STHGRY UTd g8 (chap-
ter 3)1 39ch UYId, gH4 MPCs & Wd: W-HIIeH gRI §3 SUFTd =1 (macro-
molecular aggregates) & fAHTUT &1 stemg= foham| gAR et qarfd g fo ferffst
& &9 grsgio gud, Wi SaRIY (steric effects), TUT HREER-IATAT GH<GT HeARR
FIEER} o YAl 3R Geaafd guR-uxa-rel & fAafor &t FERd wea &1 399 @-
IS ehl URA e dTel U@ SaR-3TUTd el <l Tg=T= g8 (chapter 4)| g8 91,
g FelTiRiehel MD a2 ES el &t ggradr 9 dwergs-MPC 3id:fehanatl ot sreaas
forar, f9ad ag e gan fh MPC & forife dwerge & fafe srfit sl & a1y fhg
UehR 37d:fohar hed € 3R 38 MPC dag W R 9914 8 (chapter 5)1 chapter 6 H g

ix
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QM/MM MD e 1 IuART e I8 e+ fohar foh MPC frd gaR Iemafaen
SifAfeharTatt o1 ISR T 81 3idd:, fauH (heterogeneous) TRAM F U= Sreza= o
faaR & gT, A MgO da! R F-center &IV ®ell UR SfANAT 979 A-leTeer (Aug)
Y mifaefierar 1 Atgd dIR faRar MLIP-3mgTRd ES fHeM A F-center &V & ¥HiT
Aug &1 TIAAT, Aug TR CO & §99 AT O, ! IUTATT F IGch ST IehRor I ahl
GheTdTgdeh UaiRid fohdT (chapter 7)1 999 &4 ¥, 39 Myyee # U¥Jd &wrd MPCs &
fAAToT @ e IIROT qUT WY 18k (drug carrier) & FU H IAch HH1fAd Sy
deh AgqUl Hifdeh-ramaieh UishaTsil o 31eaa- §g Yeh THfchd Ig-&R1T (multiscale)
TRTUMTH &1 UG &hed g | 39 MY o fshy 3rTelt Uit o &1 A-Iaei<ex] oh dehaiTd
f&iTeT SR faenrer o1 AT U & &1

goll Meq: URATY-GEIeh YT AHicRteex | 3Mmurfaes mfaehl el | Aifehes | @-
e | IIR0T | Taes Gufel | AfiF-a Sexuei@a uiéfmme | QM/MM
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